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Introduction
Productivity improvement of machining operations requires the optimization of tool geometry and cutting conditions. In parallel, a special attention should be paid to the surface integrity of machined parts, since the cutting conditions have an influence on the functional performance and life of such parts [1] . Modelling and simulation of metal cutting is a way to enable this optimization and to ensure the quality of machined surfaces. Among the key input data necessary for metal cutting models, a friction model between the work material and the cutting tool is required. However, obtaining realistic friction data for metal cutting simulation of Oxygen Free High Conductivity (OFHC) copper remains an issue for several reasons. First, its mechanical [2] and tribological behaviors depend on the heat treatment applied to this material. Second, the cutting under dry, near dry or with incorrect lubricant can generate work material adhesion to the tool, affecting dramatically the friction coefficient [3] .
Most of the literature dealing with metal cutting modelling considers a constant Coulomb friction coefficient [5, 6, 7] , which does not corresponds to the reality. The values of the friction coefficient reported in the literature for OFHC copper vary between 0.1 [5] and 0.7 [10] depending on several factors, including: tool material, tool surface roughness, lubrication conditions, sliding speed and contact pressure. Finally, Astakhov has shown that the presence of a cutting fluid can reduce dramatically the friction coefficient during machining, and its effect depends on the nature of the fluid [3] .
The conditions used to determine the friction coefficient are rarely reported in the literature, which makes it difficult to be used it in further investigations.
The current study proposes a friction model for the contact between the OFHC copper and the uncoated cemented tungsten carbide cutting tool, under forced cooled air conditions. This friction model considers the friction coefficient as a function of the sliding velocity only.
Determination of the fiction coefficient
After characterizing the tribology ruling the tool/material contact while the cutting operation, a contact law is here proposed. To identify the coefficients relative to this law, friction tests are performed.
Mechanical and thermo-physical properties of the tool and work materials
The cutting tool is made of uncoated cemented tungsten carbide (grade ISO M10, ANSI C7). The work material is Oxygen Free High Conductivity (OFHC) copper annealed at 450°C for 2 hours. The thermo-mechanical properties of the interacting tool/work material are given in Table 1 [11, 13] . 
Tribological tests: theory
The test aims to measure the apparent macroscopic friction coefficient, µ app , corresponding to the ratio F t /F n , where F n is the normal force and F t is the tangential force, which were applied on the pin. The apparent friction coefficient may be decomposed into an elasto-plastic deformation coefficient, µ def , and an interfacial friction coefficient, µ adh , also called adhesive friction coefficient as follows:
The friction test results are treated to separate the adhesive friction coefficient from the apparent one. This treatment is performed after analyzing the work material deposits on the pin head. Analysis is done by applying Eq. 2 to Eq. 9. The geometrical parameters used in those equations are represented in Fig. 1 . 
Tribological tests: experimental setup
Tribological tests aim to identify a friction model able to describe the interaction between the carbide tool and the OFHC copper in the presence of forced cooled air supplied by a Vortex system (-5 ± 2 °C, 6 bar).
The experimental setup ( Fig. 2 ) is composed by a cylindrical bar of ∅85 mm diameter in OFHC copper mounted on a CNC lathe machine, animated with a rotation speed, and a pin of uncoated tungsten carbide with a spherical head diameter of ∅34 mm is rubbing over the cylindrical surface of the bar. The pin is moving along the bar axis direction with a constant feed of 0.18 mm/rev. Simultaneously, normal force (F n ) to the bar surface is applied by the pin through a hydraulic actuator. A piezoelectric dynamometer is used to measure this force, as well as the tangential force, and a thermocouple is placed on the pin to
measure its temperature. The same Vortex cooling system as the one used in metal cutting tests is used in these tribological tests. The tests were performed using 5 sliding velocities (10; 20; 40; 80 and 120 m/min) and two normal forces (200 N and 500 N). Every test condition is repeated twice.
After performing these tests, the contact radius, a, and the rear distance, W (see Fig. 3 ), were measured over the pins, using an optical microscopy. Then, the adhesive friction coefficient is calculated as explained in the previous section. 
Tribological tests: experimental results
The tribological tests results are presented in Table. 2. 
Contact model formulation
Concerning to the tool/chip and the tool/workpiece contacts, they can be represented by the model proposed by Zorev [14] for the shear stress τ, with the friction coefficient μ given by Eq. 12. τ is expressed as follows:
where σ n is the normal stress, limte is the limit shear stress, and σ y is the yield stress of the chip, calculated as described by Denguir et al. in [15] .
The friction tests data permitted to identify an equation representing the adhesive friction coefficient in function of sliding velocity at the WC/OFHC copper interface. It is worth to notice that the shape of the friction coefficient evolution versus the sliding velocity is similar to that one found by Zorev [14] , which can be approximated by the following equation: (12) where c i (i=1...4) coefficients are 0.05, 0.323, 0.875 and 0.326, respectively. The variation of the adhesive friction coefficient is shown in Fig. 4 . The proposed friction model is valid for both applied normal forces of 200 N (Fig. 4a ) and 500 N ( . The observed differences in the measured values concern mainly to the apparent friction coefficient at low sliding velocities, where the elasto-plastic deformation prevails. In literature, it is found that the friction coefficient generally decreases with the sliding velocity [16] . The variation of the friction coefficient with the sliding velocity having a maximum value for intermediate velocities is frequently observed for several materials [14] . The opposite case also exists, where the friction coefficient is minimal for intermediate sliding velocities [17] . 
Application of the friction model to orthogonal cutting simulation

Numerical simulation of orthogonal cutting of OFHC copper using a tungsten carbide tool
A model is developed and applied to simulate the surface integrity induced by orthogonal cutting of OFHC copper, using the Arbitrary Lagrangian-Eulerian (ALE) formulation. A coupled temperature displacement analysis is performed using the FEA software ABAQUS/Explicit. Fig. 5 shows the model's boundary conditions. To model the mechanical behavior of OFHC copper and to predict the dislocations density, a user subroutine VUMAT is developed, integrating the material constitutive model taken from [15] . The elastic and thermal properties of the work material are also taken from [15] . The tool is modelled as elastic and its thermal and elastic properties are obtained from literature [18] .
As already mentioned, the tool-chip and the toolworkpiece contacts were modelled by the Zorev's model, using a friction coefficient in function of the sliding speed given by Eq. 10. For comparison purposes, an additional simulation using a constant friction coefficient of 0.3 was performed.
To calculate residual stresses, the workpiece is mechanically unloaded (V c = 0 m/min), and its temperature should reach the ambient temperature. To reach stresses equilibrium in the shortest time, implicit formulation is used. Therefore, the workpiece is transferred to ABAQUS TM /Standard, including the field variables and the mechanical behavior of the material.
Experimental setup for orthogonal cutting
Orthogonal cutting tests over flat specimens of 40(L)x15(H)x4(W) mm in OFHC copper (annealed, average grain size of 50 μm and average hardness of 46 HB) were performed using planing configuration. These tests were performed on a DMG DMC85V milling machine. The cutting tool was uncoated cemented tungsten carbide with an edge radius (r n ) of 10±2 μm, a clearance angle (α) of 10° and a rake angle (γ) of 20°. The cutting speed (V c ), uncut chip thickness (h) and width of cut (a p ) were kept constant and equal to 120 m/min, 0.2 mm and 4 mm (a p = W), respectively. Low temperature pressured air (-5±2 °C, 6 bar) was applied to minimize the adhesion phenomenon between the tool and the work material.
Setup for residual stress analysis
Residual stresses were analyzed by X-ray diffraction technique, using the sin 2 ψ method. According to this method, the residual stresses are calculated from strain distribution ε φψ{hkl} derived from the measured inter reticular plane spacing and knowing the elastic radio crystallographic constants, S 1{hkl} and ½S 2{hkl} , which are equal to -3.13 x 10 6 MPa -1 and 11.7 x 10 6 MPa for OFHC copper, respectively. An X-ray Mn-Kα radiation is used to determine the elastic strains in the (311) planes (149,09° Bragg angle). The residual stresses are determined in the machined surface and subsurface, in the cutting and transversal directions. To determine the in-depth residual stress profiles, successive layers of material are removed by electro polishing, to avoid the reintroduction of residual stress.
Cutting simulations results and discussion
Influence of the friction coefficient on CCR
Chip Compression Ratio (CCR) is defined by the ratio between the chip thickness (h 1 ) and the uncut chip thickness (h). To evaluate the influence of using a friction coefficient depending on the sliding velocity in the predicted results, the CCR obtained by the proposed friction model is compared with the one obtained by a constant friction coefficient, and the experimental CCR value. The experimental measurement is performed on a numerical image captured by a rapid camera with a pulsed laser during the cutting process (Fig. 6) .
. Fig. 6 . Image of chip formation using LaVision Imager sCMOS double frame camera together with a Litron NS30-15 double-cavity pulsed laser at the tested cutting conditions.
As shown in Fig. 7 , a variable friction coefficient in function of the sliding speed enhances the predicted CCR by reducing the difference between measured and predicted CCR from 0.72 (using constant friction) to 0.4 (using variable friction) (from 22% to 12%). 
Influence of the friction coefficient on temperatures
Besides the chip morphology, the friction model has shown an influence on the temperatures distribution in the chip and tool. As shown in Fig. 8 , the tool/chip contact temperatures are lower when the friction coefficient is function of the sliding velocity. 
Influence of the friction coefficient on residual stresses prediction
As orthogonal cutting model was developed for surface integrity prediction purposes, the influence of the friction model on the generated residual stresses in the machined surface and subsurface was evaluated. They are predicted and measured in the cutting direction (σ x ), and in the direction parallel to the cutting edge (σ y ). As shown in Fig. 9 , the use of a variable friction coefficient in function of the sliding speed demonstrates a slight difference in the in-depth residual stresses predictions, especially an improvement in the predicted values near the machined surface, and at the subsurface. These differences seen in the predicted residual stresses can be due to the influence of local sliding velocity on the material flow on the tool/work material interface. So, it alters the mechanical loading in the deformation zone during cutting. In fact, an overestimation of the friction coefficient induces an increase in the simulated forces, and consequently an increase in the deformation near the contact, including the flank zone (large tool-chip contact length and to a large stagnation zone around the cutting edge). For that reason, in the case where the friction coefficient is considered as a constant, the overestimation of the loading at the flank zone has induced an increase in the residual stresses. 
Conclusion and outlook
This work proposes a new friction coefficient model for tungsten carbide/OFHC copper contact, used to predict the residual stress and CCR in orthogonal cutting. This model was derived from pin on cylinder friction tests, performed using different sliding velocities and two contact pressures under forced cooled air conditions.
Orthogonal cutting simulations put in evidence some improvements in the predicted CCR and residual stress while a variable friction coefficient (function of the sliding speed) is used instead of a constant one. Nevertheless, this friction model should be improved by considering larger contact pressures.
